Vibration-monitoring instruments that employ standard, velocity-responsive geophones lack the frequency range and sensitivity required to characterize low-level vibration that can degrade the performance of precision laboratory instruments and adversely affect manufacturing processes. High-sensitivity accelerometers have a flat response over a broad seismic frequency range, producing stronger signals (higher signal-to-noise ratio) than standard geophones over much of the spectrum above and below the natural geophone frequency. Accelerometers can be used to examine the vibration susceptibility of sites that are being considered for vibration-sensitive manufacturing, testing, or calibration facilities. Unfortunately, ambient ground motion at proposed, inactive sites is commonly much lower than that at existing facilities and is much lower than would be expected when activity commences at the proposed site.
Introduction
The Texas Department of Agriculture (TDA) operates a Metrology Laboratory in Austin, Texas (Figure 1) , where masses, volumes, and lengths are calibrated for statewide commercial and governmental use. Like at many precision laboratory and manufacturing facilities elsewhere, sensitive instruments at the laboratory have been adversely affected by construction activities and nearby heavy traffic to an extent that TDA is moving the laboratory to a new site. During the search for a suitable site, we established ambient vibration characteristics of the current site and potential shallow-and deep-bedrock sites. Measurements of ambient ground motion are adequate to characterize sites where noise sources already exist, but they inadequately characterize ground motion at undeveloped sites where noise sources (including laboratory activities)
are not yet present. To address this shortcoming and better compare the ground-motion performance of shallow-and deep-bedrock sites, we induced ground motion at the proposed site (deep bedrock) and a representative shallow-bedrock site using a portable seismic source and measured induced ground motion as the source was placed at fixed distances from the sensor.
The current laboratory was built on shallow limestone bedrock in 1979 (P. Forester, pers. comm., 2003) . Separate foundations were constructed in an attempt to isolate seismic noise sources within the laboratory (vehicles, cranes, and large moving masses) from sensitive instruments, but the shallow limestone bedrock that anchors both foundation sections allows noise generated in one section of the structure to be transmitted readily to the other section. In addition, heavy vehicle traffic passes within a few tens of meters of the laboratory, producing ground motion that renders the instruments inoperable at times.
We conducted ambient monitoring to quantify unacceptable vibration levels at the laboratory. The proposed site is in Giddings, Texas (Figures 1 and 2) , where unconsolidated to semiconsolidated deposits of sand, silt, and clay overlie siliciclastic bedrock that is greater than 10 m deep. We supplemented ambient monitoring at this site with a seismic walkaway survey. The urban setting of the current laboratory precluded conducting a walkaway survey there. For comparison with the deep-bedrock site at Giddings, we chose an undeveloped site at the J. J. Pickle Research Campus (PRC) in Austin, Texas (Figures 1 and 3) , where soil borings indicate that limestone bedrock is shallowly buried beneath clayey, residual soil at depths of 23 to 178 cm.
We acquired ambient vibration measurements by constructing an accelerometer-based instrument capable of measuring low-acceleration (less than 0.001 g) ground motion in three orthogonal directions simultaneously and recording ground motion at the current laboratory, the proposed Giddings site, and at the PRC under various conditions. We modified seismic walkaway survey procedures, which are commonly used in near-surface seismic surveys to compare seismic sources, verify reflections, and set survey geometries and acquisition parameters (Steeples and Miller, 1990) , to induce ground motion at the deep-and shallowbedrock sites to investigate the influence of bedrock depth and other variables on ground-motion susceptibility. 
Methods
In August 2001, we used a blast-monitoring seismograph (Thomas Instruments VMS-200S) to record large-scale ground motion at the current Metrology Laboratory. This conventional geophone-based instrument adequately characterized the largest ground motions but was insufficiently sensitive to detect smaller ground motion that nonetheless affects delicate instruments routinely used at the laboratory. To accurately measure and characterize smaller ground motion, we constructed a sensor that consists of three piezoelectric accelerometers mounted orthogonally (one vertically and two horizontally) on a machined steel block (Figure 4) . The accelerometers (Endevco 7752-1000) have factory-calibrated sensitivities of about 1,150 millivolts (mV) per g. Their voltage output is linear over accelerations ranging from below 0.0001 to about 5 g. They measure acceleration to within 5 percent of its true magnitude at frequencies ranging from less than 0.1 to nearly 1,000 Hz and are thus well suited for ground vibration and other seismic studies. The accelerometer signals are passed by cable to a seismograph (Geometrics SmartSeis). We verified the ability of the seismograph to accurately record accelerometer signals by sampling a known voltage signal from an electronic pulse generator.
In addition to their sensitivity to very small accelerations, accelerometers have other technical advantages over conventional velocity-based geophones. The flat response to acceleration at a wide range of frequencies compares favorably with the decreased response of velocity-based geophones at frequencies above and below their natural frequencies ( Figure 5 ). Large signal magnitude over the entire useful seismic frequency range increases the achievable signal-to-noise ratio at the high-frequency end of the spectrum, which also improves the subsurface imaging capabilities of accelerometer-based seismic surveys.
In November 2001, we used the accelerometers to record ground motion at the Metrology Laboratory during smaller events and under background conditions that were below the sensitivity of the blast-monitoring instrument. We made measurements while there was no apparent noise source, during passage of a train, and during large mass movements in the laboratory. We also used the accelerometers to record ground motion at the Giddings and PRC sites (Figure 1 ), including no-activity measurements and measurements taken during common site activities (plowing, irrigating, and vehicular traffic on a nearby road).
Walkaway surveys were performed at the deep-(Giddings) and shallow-(PRC) bedrock sites by recording ground motion induced by dropping a 230-kg, trailer-mounted mass (Bison EWG-III) at 10-m intervals between a distance of 10 and 100 m from the accelerometers (Figures 2 and 3) .
We analyzed ground motion by transferring the seismograph records to a computer, decoding to the raw voltage signal, converting the voltage to acceleration, integrating the acceleration to velocity and the velocity to displacement, and calculating peak and root-mean-square (RMS) values for voltage, acceleration, velocity, and displacement.
Ambient Ground Motion at the Metrology Laboratory
Relatively large ground motion measured at the Metrology Laboratory using the blast-monitoring instrument had peak accelerations ranging from 0.01 to 0.69 g during various activities (Paine, 2001a) . These activities disrupt laboratory measurements and produce accelerations that are more than 10 to several hundred times greater than the NCSL-recommended 0.001 g maximum. Lower accelerations that do not disrupt instrument operation were not measurable using the velocity geophones. We returned to the laboratory with the accelerometers to better characterize low-level vibration. Ambient conditions were represented by records acquired in the laboratory during working hours, but with no obvious heavy activity occurring. Background measurements record peak accelerations of less than 0.004 m/s 2 and RMS accelerations less than 0.0009 m/s 2 in all three directions, well below the 0.001 g (0.0098 m/s 2 ) maximum recommended acceleration. During background activities, peak and RMS accelerations are highest in the vertical direction. A train passing through the area several hundred meters from the laboratory failed to increase peak or RMS accelerations above the values recorded for the background events.
Much higher peak and RMS accelerations were recorded while a 1,130-kg mass was being moved by crane in the laboratory. Peak accelerations observed during mass movement ranged from 0.004 to 0.014 m/s 2 vertically and 0.002 to 0.005 m/s 2 horizontally. Vertical accelerations exceeded the 0.001-g threshold, corroborating reports of the inability to operate sensitive balances during mass movement. Dominant ground-motion frequencies during mass movement are a few tens of cycles per second. 
Ambient Ground Motion over Deep Bedrock

Induced Ground Motion
Ground accelerations recorded during no-activity background conditions at the laboratory, at the proposed Giddings site, and at the PRC are all below NCSL threshold accelerations for the vertical and two horizontal directions. The two urban sites (the current laboratory and the PRC) reveal higher ambient ground acceleration than that recorded at Giddings, where no significant noise sources were encountered during monitoring (Paine, 2001b) .
Because seismic noise will be generated at the new laboratory that is not present there now, we also conducted controlled, active-source comparisons of the Giddings site (deep bedrock) with the representative shallow-bedrock site (PRC) to examine the relative response of the sites to induced ground motion. These walkaway tests examined ground motion induced by dropping a large mass at a series of fixed distances from the monitoring instrument.
Deep-Bedrock Site
Over deep bedrock at Giddings, induced ground motion declines steeply as the source is moved farther from the sensor. At a source-sensor distance of 10 m, peak vertical accelerations reached 0.24 m/s At a source-sensor distance of 50 m (Figure 7) , much lower peak accelerations are observed. Vertical acceleration is just below the 0.001-g threshold; similar peak accelerations are observed for highfrequency air and body (compressional and shear) waves that arrive early in the record and for lower frequency surface waves that arrive later. Horizontal accelerations continue to exceed the threshold value significantly (Figure 7b and c) and are dominated by slowly propagating, low-frequency surface waves.
Both vertical and horizontal accelerations remain below the 0.001-g threshold at a source-sensor distance of 100 m (Figure 8) . The largest vertical accelerations are associated with the passage of the high frequency air wave at about 0.3 s (Figure 8a) . Large accelerations are also associated with low-frequency ground motion arriving after 0.5 s. Higher frequency body waves arriving before the air wave produce relatively small accelerations. Horizontal accelerations (Figure 8b and c) are little affected by the passage of the air wave but are highest for the low-frequency, slowly propagating surface waves generated by the dropped mass.
Shallow-Bedrock Site
Walkaway results over shallow bedrock at PRC differ considerably from those at Giddings. With the source 10 m from the sensor at PRC, vertical and horizontal accelerations exceed the NCSL threshold value. Vertical and inline horizontal accelerations are higher than transverse horizontal accelerations (Figure 9) .
At 50 m from the source (Figure 10) , only the vertical acceleration exceeds the threshold value. Vertical accelerations associated with high-frequency direct and refracted compressional waves and the later arriving air wave have similar peak values (Figure 10a) . These phases both produce accelerations that exceed those generated during passage of lower frequency surface waves. Relative weakness of the surface waves at 50 m from the source is also apparent in the horizontal acceleration records (Figure 10b and c) , where only the inline accelerations approach 0.001 g. At 100 m from the source (Figure 11) , ground acceleration in all three directions remains below the 0.001-g threshold. Vertical accelerations are dominated by a 60-Hz signal (Figure 11a ) caused either by ambient ground vibration from nearby electrical equipment or by induced electrical noise in the seismograph or its connections. Lack of a dominant 60-Hz signal in the horizontal records suggests that the cause is ambient ground vibration. Despite the 60-Hz overprint, maximum vertical accelerations are recorded for the high-frequency air wave arriving at about 0.3 s. Earlier arriving body waves and lower frequency surface waves produce slightly lower peak accelerations.
Comparisons of Induced Ground Motion over Shallow and Deep Bedrock
As expected, acceleration associated with induced ground motion declines steeply with increasing distance for all three components over both deep (Figures 6 to 8) and shallow (Figures 9 to 11) bedrock. With the seismic source only 10 m from the sensor, induced accelerations exceed the 0.001-g laboratory limit in the vertical and horizontal directions at both sites (Figures 6 and 9) . At this distance, peak accelerations are marginally higher over deep bedrock in the vertical direction and are significantly higher over deep bedrock in the horizontal directions (Figure 12) . Peak vertical accelerations are stronger than horizontal accelerations over shallow bedrock but are weaker than horizontal accelerations over deep bedrock (Figure 12) .
At source distances beyond 20 m, peak vertical accelerations are higher over shallow bedrock than over deep bedrock (Figure 12a) . At these distances, strong vertical motion associated with unattenuated, high-frequency body and air waves produces the largest accelerations over shallow bedrock (Figure 10a whereas strong surface waves produce the highest vertical accelerations in unconsolidated sediments overlying deep bedrock (Figure 7a) . Over shallow bedrock, peak horizontal accelerations associated largely with surface waves decline to 0.001 g within 40 to 50 m from the source (Figure 12b and c) but relatively strong body and air waves produce peak vertical accelerations that remain at or above 0.001 g to distances of at least 90 m from the source (Figure 12a) . Over deep bedrock, relatively strong surface waves produce peak horizontal accelerations that remain above 0.001 g to source distances of more than 60 to 70 m (Figure 12b and c) , but the attenuative properties of unconsolidated sediment overlying deep bedrock reduce peak vertical accelerations to 0.001 g at shorter source distances of 50 m (Figure 12a) .
Close to the source, peak horizontal accelerations are about an order of magnitude higher over deep bedrock than over shallow bedrock at the same source distance. Horizontal accelerations remain higher over deep bedrock to more than 70 m for inline motion and more than 50 m for transverse motion (Figure 12b  and c) . Beyond those distances, horizontal accelerations are lower over deep bedrock than they are over shallow bedrock. Peak inline accelerations decline to near the 0.001-g threshold at source distances of 50 m over shallow bedrock compared with more than 70 m over deep bedrock (Figure 12b) . In the transverse direction, peak accelerations drop below threshold values by 50 m over shallow bedrock and by 60 m over deep bedrock (Figure 12c) .
Similar seismic inputs create larger ground accelerations over deep bedrock than over shallow bedrock at distances of about 50 m or less, particularly in the horizontal directions. Beyond that distance, ground acceleration in all three directions is, over shallow bedrock, as high as or higher than over deep bedrock at the sites tested.
Conclusions
Piezoelectric accelerometers mated to an engineering seismograph recorded low-acceleration ground motion over the broad range of useful seismic frequencies, enabling vibration characteristics of shallowand deep-bedrock sites to be assessed for laboratory-site suitability. Those sensors show promise in increasing the signal-to-noise ratio in seismic surveys over a broad frequency range, particularly at the high end of the usable seismic spectrum. Walkaway surveys employing a portable seismic source and a triaxial accelerometer sensor provide a method to quantify the ground-motion susceptibility where ambient noise is low and also provide a standard means to compare sites.
Accelerometer measurements at the current Metrology Laboratory demonstrate that ground motion at this urban site exceeds NCSL guidelines during common laboratory activities. Ambient ground motion at a proposed deep-bedrock site is well below that at the current laboratory and is well below NCSL siting guidelines for acceleration and displacement. Walkaway tests conducted to compare response to anticipated additional noise show that accelerations induced over deep and shallow bedrock exceed NCSL guidelines to distances of 50 to 80 m from the seismic source. Much larger horizontal accelerations are induced close to the source over deep bedrock, but peak accelerations are higher over shallow bedrock beyond distances of 20 m for vertical ground motion and 70 m for horizontal ground motion.
Laboratory activities are the largest source of vibration at the current site and are likely to remain the largest sources at any future site regardless of depth to bedrock. Ambient noise at undeveloped sites may be very low, but common laboratory activities will produce vibration levels that are similar to those at the current laboratory unless noise generators are isolated from sensitive instruments. Walkaway tests show that both shallow-and deep-bedrock sites can experience large ground accelerations from nearby sources of ground motion such as moving large masses or heavy vehicles. Increasing the distance between sources of ground motion and sensitive instruments at any laboratory, whether sited on shallow or deep bedrock, should reduce the impact of induced ground motion on sensitive laboratory instruments.
